Gastric fundic gland polyps (FGPs) are considered hamartomas, and various gastrointestinal hamartomas are associated with tuberous sclerosis complex (TSC). The aim of this study was to investigate a possible link between TSC proteins (hamartin and tuberin) and sporadic FGPs. We examined 33 sporadic FGPs and 26 biopsies of normal fundic mucosa by immunohistochemistry. Nuclear immunoreactivity for tuberin was dramatically reduced or lost in most sporadic FGPs, and tuberin unexpectedly accumulated in the cytoplasm in oxyntic glands. About 18% (6/33) of FGPs were immunopositive in an average of 1.7% of oxyntic cell nuclei, compared with 77% (20/26) of controls in an average of 24.4% of oxyntic cell nuclei (P < .01). No change in hamartin was noted. We further examined the tuberin-associated proteins glucocorticoid receptor (GCR) and p27. Nuclear immunoreactivity for GCR was lost in most sporadic FGPs, but p27 distribution was normal. Sporadic FGPs had a low frequency of staining for Ki-67 except for some cells from cystic components, which is consistent with their slow growth. Our results are consistent with the hypothesis that tuberin may play an important role in pathogenesis of sporadic FGPs. First, an altered cellular localization of tuberin may lead to the deregulation of cell proliferation by interrupting its interaction with hamartin. Second, altered cellular localization of tuberin may preclude its negative regulation of gene transcription mediated by GCR.
Fundic gland polyps (FGPs) are sessile polyps of gastric mucosa that are often multiple. Histologically, FGPs are formed of cystically dilated, irregularly deformed oxyntic glands with or without glandular proliferation, increased smooth muscle in the lamina propria, and an absence of proliferation of the foveolar epithelium. The nature of FGPs is still debated: most have considered them to be hamartomatous lesions (1), others as a peculiar form of hyperplastic polyp (2) . FGPs present both in a sporadic form and in a syndromic form. The latter is associated with familial adenomatous polyposis (3) .
The sporadic form of FGP is the most common gastric polyp (4) and occurs with a mean age in the 6th decade and male-female ratio of 1:4 -5 (5, 6) . Most sporadic FGPs remain unchanged for a long period of time (7) . FGPs arise in acid-secreting areas of the gastric mucosa and secrete acid (8) . Gastrin does not appear to play a role in the development of sporadic FGPs (9) . Because the prevalence of Helicobacter pylori infection is lower in patients with FGPs than in control individuals and patients with hyperplastic polyps, H. pylori has been excluded as a cause of FGPs (10) . Proton pump inhibitors (PPIs) such as Omeprazole have been reported to be associated with the genesis of FGPs (11) , but this was not supported by a large retrospective study (12) , and PPI-associated fundic gland cysts lack superficial (foveolar) dilations, a hallmark of FGPs (13, 14) . A recent study showed that most sporadic FGPs had activating ␤-catenin gene mutations (15) . ␤-Catenin functions as a submembranous component in cadherin-mediated cell-cell adhesion (16) . Mutation of the ␤-catenin gene is common in gastric and colon cancers, characteristically resulting in nuclear translocation of the pro-tein (17) (18) (19) . Nuclear translocation of mutant ␤-catenin is not present in sporadic FGPs (15) .
Tuberin (TSC2) and hamartin (TSC1) are tumor suppressors. Mutations of either gene result in the tuberous sclerosis complex (TSC) and multiple organ hamartomas (20 -22) , including gastrointestinal polyps (23) (24) (25) (26) . Tuberin and hamartin negatively regulate the proliferation/cell cycle in cells that express the genes. Regulation of hamartin and tuberin remains unknown. It has been reported that tuberin interacts and colocalizes with CDK1, cyclin B1 (27) , p27 (28, 29) , and glucocorticoid receptor (GCR; 30). Hamartin regulates cell-cell adhesion mediated by the ezrin-radixin-moesin (ERM) proteins and the GTPase Rho (31) . The association between hamartin and ␤-catenin in the regulation of cellcell adhesion is not known. Because hamartin, tuberin, GCR, and p27 are expressed in normal gastric mucosa (32) (33) (34) (35) , the expression pattern of these proteins in sporadic FGPs is of interest, although no typical FGPs are reported in TSC. The aim of this study is to investigate the localization of hamartin, tuberin, GCR, and p27 in sporadic FGPs, using normal fundic mucosa for comparison. The findings shed light on the pathogenesis of sporadic FGPs as well as that of hamartomas generally.
MATERIALS AND METHODS

Clinical Materials
Archival formalin-fixed, paraffin-embedded biopsy specimens of sporadic FGPs were collected from 33 patients who underwent upper gastrointestinal endoscopy at the New York University Hospitals Center between 2000 and 2001. The age range in this group was 20 to 82 years (mean age, 62.9 y), with 22 females and 11 males. Twenty-six biopsies of normal gastric oxyntic mucosa were used as controls. The age range of control patients was 23 to 77 years (mean age: 59.3 y), with 13 females and 12 males.
Antibodies
Hamartin
Antibodies to hamartin were raised in rabbits against two peptides synthesized according to the sequence deduced from human TSC1 cDNA. These peptides consisted of hamartin amino acid residues 231-245 plus the carboxy-terminal cysteine (peptide Ham-T2: PELVTGSKDHELDPRC), and residues 1150 -1164 plus the amino-terminal cysteine (peptide Ham-CT: CQLHIMDYNETHHEHS). The characteristics of these antibodies have been previously reported (36 -38) .
Tuberin
Antibody to tuberin was raised in rabbits against a peptide synthesized according to the sequence deduced from human TSC2 cDNA. It consisted of amino acid residues 1770 to 1784 plus the aminoterminal cysteine (peptide Tub-CT: CRKRLISSVED-FTEFV), corresponding to the carboxy terminal of tuberin. The characteristics of this antibody have previously been reported (36 -38) .
P27, GCR, and Ki-67
Mouse monoclonal antihuman antibodies were obtained commercially from DAKO (p27; Carpinteria, CA), Novocastra (GCR; Newcastle upon Tyne, UK), and Ventana (Ki-67; Tucson, AZ).
Immunohistochemistry
Four-micrometer tissue sections were deparaffinized in the usual manner followed by heatinduced epitope retrieval (15 min) in 0.01 M citric acid buffer (pH 6.0). Antibodies were used at concentrations of 1:350 Ham-T2, 1:800 Ham-CT, and 1:1000 Tub-CT; and in the case of p27, GCR, and Ki-67, as recommended by the manufacturers. All immunoperoxidase staining was performed on a Nexes immunostainer (Ventana). Endogenous peroxidase activity was blocked with 3% hydrogen peroxide. Primary antibodies were detected using standard biotinylated anti-mouse or anti-rabbit secondary antibodies. The complex was visualized by the enzymatic reduction of 3,3' diaminobenzidine tetrahydrochloride substrate and enhanced with copper sulfate. To minimize technique bias, the following steps were taken: (1) to ensure uniform treatment of individual specimens, sections of five to seven FGPs were put on the same slide for staining; (2) experiments were repeated to confirm reproducibility; and (3) cytoplasmic counterstaining with fast blue was used to visualize nuclear immunoreactivity, whereas nuclear counterstaining with hematoxylin was used when evaluating cytoplasmic immunoreactivity.
Scoring and Statistical Analysis
In each stained section, the numbers of positively and negatively stained cells were counted in profiles of 100 glands, and the results were recorded in deciles. The glands selected for counting were in the upper half of the subfoveolar mucosa, where polyp glands are readily recognized by their distortion and loss of polarity. The immunoreactivity for hamartin, tuberin, GCR, and p27 were scored. Different subcellular locations were evaluated separately for each antibody. Immunostaining intensity was recorded as negative (0), low (ϩ), moderate (ϩϩ), and high (ϩϩϩ). The mean and standard deviation of percentage positivity and intensity were calculated for all the antibodies. A P value of Ͻ.05 was considered significant for the difference between sporadic FGPs and normal controls.
RESULTS
Pathological Evaluation of FGPs
All FGPs contained fundic gland cysts with superficial (foveolar) epithelium as part of the cystic component. The cysts comprised 10 to 80% of the sectioned area of polyps. Oxyntic glandular proliferation, smooth muscle proliferation, and increased stroma were seen in most cases. No dysplasia was present in this group. FGPs ranged in size from 2 to 12 mm.
Tuberin
In normal fundic mucosa, there was weak to moderate cytoplasmic immunoreactivity for tuberin in both parietal and chief cells, with greater staining intensity in the basal cytoplasm. Foveolar epithelium did not stain. Many oxyntic glands showed moderate immunoreactivity in the nucleus, mostly confined to parietal cells (Fig. 1A-B) . Among 26 control cases, 77% showed nuclear immunopositivity, with an overall mean of 24.4% positive cells in the oxyntic glands (Table 1) . In many cells, there was a densely stained intranuclear globule suggestive of a nucleolus (Fig. 1A, inset) .
In FGPs, immunostaining for tuberin was dramatically reduced or lost in the nuclei. Among 33 FGPs, only 18% had stained oxyntic cell nuclei, and in these the average percentage of immunopositive nuclei was only 1.7% ( Fig. 2A ; Table 1 ). Nuclear immunoreactivity, where present, was characterized by markedly decreased staining intensity. Cytoplasmic immunoreactivity for tuberin was in the form of large coarse granules, which were only rarely seen in normal fundic glands. This accumulation of tuberin was more prominent in parietal cells of the deformed glands (Fig. 1B) . Immunoreactivity for tuberin remained negative in foveolar epithelium. The immunoreactivity for tuberin in nonepithelial cells, such as smooth muscle, endothelium, and plasma cells, was weak and similar in the two groups.
Hamartin
Hamartin was weakly to moderately expressed in both nucleus and cytoplasm of oxyntic glands but not in foveolae. Immunostaining with the antibodies to N and C terminals of hamartin showed the same pattern in the controls and the FGPs, although a slight reduction of immunoreactivity was seen in the latter. No coarse granular staining was seen (Fig. 1C-D) .
Glucocorticoid Receptor
As previously reported (32), immunoreactivity for GCR was seen in the neck, isthmus, and basal portions of normal fundic glands, but not in foveolae. Of 21 control cases, 71% showed nuclear staining for GCR in oxyntic glands with a mean positivity of 43.0% of oxyntic cells (Fig. 2C) . FGPs showed partial or complete loss of nuclear staining. Of 28 FGPs, only 18% stained positive, with a mean of 6.43% of oxyntic cell nuclei staining ( Table 1 ). The nuclear staining intensity was much weaker than in the controls. No cytoplasmic immunoreactivity was noted in either group (Fig. 3) . Plasma cells, which show nuclear immunopositivity for GCR, served as internal controls.
p27
p27 was detected in nuclei of oxyntic and foveolar epithelium in normal controls and FGPs. There was no significant difference in the number of positive cells ( Fig. 2D; Table 1 ). However, two FGPs showed complete loss of nuclear immunoreactivity. In these two FGPs, immunoreactivity was misplaced from the nucleus to the cytoplasm. 
Ki-67
Immunoreactivity for Ki-67 was examined in 28 sporadic FGPs and 21 controls. Both groups showed similar numbers and location of immunopositive cells. Ki-67 staining was seen in epithelial cells in the neck of fundic glands between the foveolae and the oxyntic cells. Parietal and chief cells were rarely positive. There was a slight increase in immunopositive cells in the cystic components in FGPs, consistent with the presence of neck cells (Fig. 4) .
DISCUSSION
Tuberin and hamartin are multifunctional proteins associated with cell adhesion (31), cell cycle/ proliferation (27, 28) , and transcriptional signaling (30) . Hamartin and tuberin may function in different cellular locations. In our previous study with pediatric tissues, we found that hamartin and tuberin were indeed expressed in different subcellular regions in different tissues or cells (35) . The significance of the different cellular localization of hamartin and tuberin is not known. Because these proteins have been shown to interact stably in vitro and in vivo (39 -43), they might function together in vivo. Experiments in Drosophila (44, 45) demonstrated that the presence of both proteins in cells was necessary in controlling tissue mass. Our data (35) suggest that loss of either protein from tissues in which normally both are present is associated with a high incidence of hamartoma formation in early childhood. Therefore, interruption of the protein-protein interaction between hamartin and tuberin, such as altered localization of one of the proteins, may interrupt their normal function.
Hamartin and tuberin are normally expressed in both the cytoplasm and the nucleus of gastric oxyntic cells. No change in the distribution of hamartin was seen in FGPs, although the intensity of immunostaining was decreased in comparison with controls. In contrast, most FGPs lost their nuclear immunoreactivity for tuberin, and the protein accumulated in the cytoplasm in the form of large coarse granules. Nuclear immunoreactivity for GCR also was lost in most FGPs, but without cytoplasmic accumulation (Table 1) .
Tuberin contains a domain that tightly interacts with steroid receptor families, especially with GCR, to form a complex (46, 47) . This complex is a strong negative regulator of the transcriptional activity of GCR (30) . GCR is known to be an important factor influencing gastric mucosal function and morphology (32, 48) . GCR binding to its ligands promotes an increase of hydrochloric acid and pepsin secretion. Loss of tuberin from the nucleus in FGPs precludes its negative control of transcription by GCR, theoretically resulting in up-regulation of acid secretion. Consistent with this, FGPs are well endowed with parietal cells and have been observed by chromoendoscopy to secrete acid in vivo (8) . However, we found that GCR, also, was lost from the nuclei of FGP oxyntic cells. Given the fact that GCR tightly interacts with tuberin, one of GCR's roles may be as a carrier protein to bring tuberin into the nucleus in normal oxyntic glands. Therefore, down-regulation of GCR expression in FGPs may block transportation of tuberin into the nucleus and lead to tuberin accumulation in the cytoplasm. Furthermore, the abnormal accumulation of tuberin in the cytoplasm may impair its interaction with other proteins (like hamartin) in specific subcellular compartments and deregulate cell proliferation.
The finding of activating ␤-catenin mutations in sporadic FGPs provides evidence of the molecular defect that may, by means not yet known, directly or indirectly induce the lesion (15) . The mutation of ␤-catenin in sporadic FGPs is associated with a benign proliferation. Interestingly, mutant ␤-catenin does not translocate to the nucleus in FGPs, as occurs in ␤-catenin-associated malignant tumors of the gastrointestinal tract. The latter may require nuclear translocation of the mutated ␤-catenin to activate the Wnt signaling pathway (17) (18) (19) . Alteration of tuberin rarely, if ever, induces malignancy. Rather, it induces benign tumorigenesis by loss of control of cell proliferation and cell-cell interaction. It would be interesting to know whether tuberin blocks ␤-catenin translocation or whether mutant ␤-catenin promotes the accumulation of tuberin in the cytoplasm. So far, there is no experimental evidence to link ␤-catenin and tuberin. The pathogenic relationship of these two proteins needs further study. p27 has been reported to be functionally associated with tuberin (28, 29) . The absence of the latter in vitro results in p27 instability and cytoplasmic accumulation. In this regard, we examined the expression of p27 in sporadic FGPs. Although sporadic FGPs showed abnormal accumulation of tuberin in the cytoplasm rather than loss of tuberin, absence of p27 from the nucleus and its accumulation in the cytoplasm was seen in only two FGPs. Therefore, the role of p27 in sporadic FGPs appears not to be important in most instances. FGPs remain unchanged for very long periods (7) . Thus, a slightly higher incidence of Ki-67 in sporadic FGPs, indicative of a small increase in the rate of cell proliferation, could over time account for the increased cell mass in these lesions.
In conclusion, we found altered cellular localization of tuberin in the cytoplasm in most sporadic FGPs. Loss of tuberin from the nucleus is associated with down-regulation of GCR. However, the accumulation of tuberin in the cytoplasm seems not to affect the nuclear distribution of p27 in most cases. We speculate that altered localization of tuberin may block nuclear translocation of mutant ␤-catenin, leading to a benign cellular proliferation rather than a malignant transformation.
